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Introduction
Subsolid lung nodules are defined as nodules containing a ground glass component. A ground glass opacity (GGO) is defined as hazy increased attenuation of the lung with visible bronchial and vascular structures [1] . A subsolid nodule (SSN) can be either purely ground glass in attenuation or have a part solid component along with ground glass opacity. Pulmonary nodules, including pure GGOs, are increasingly encountered in clinical practice due to increased utilization and the improved resolution of CT imaging. The reported incidence of a subsolid nodule is 4.2% in baseline screening for lung cancer and 0.7% in annual repeat screening [2] .
Approximately 75% of persistent GGO are attributable to adenocarcinoma in situ (adenocarcinoma consisting entirely of lepidic/ bronchioloalveolar pattern) or minimally invasive adenocarcinoma [3] . However, the differential diagnosis of GGO also includes premalignant lesions such as atypical adenomatous hyperplasia (AAH) and benign conditions such as focal fibrosis and inflammation [4] . Some reports suggest that focal GGOs with a solid component (part solid) are more likely to be associated with malignancy [3, 5] . Henschke et al report that 63% of part solid nodules and 18% of pure GG nodules detected on CT screening are malignant [6] . Hasegawa et al note nearly half of screening-detected cancer on low-dose CT are either part solid or pure GG nodules [7] .
In clinical practice, there is controversy regarding management of persistent SSN. Positron emission tomography is generally not useful for assessment of GGOs, and published guidelines differ regarding when to consider tissue sampling or surgical resection. Criteria to guide management of SSN include size greater than 1 cm, presence of interval growth, development of a solid component, and a solid component that is > 4-8 mm [8] [9] [10] . Some studies advocate a more conservative approach with imaging follow-up of pulmonary nodules < 3 cm with a GGO component > 50% [11] . To further complicate the matter, studies report moderate inter-reader variability with regard to the size and the characterization of pulmonary nodules [12, 13] .
The reported accuracy of CT guided fine needle aspirate has been low for subsolid and predominantly ground glass nodules, particularly those that measure less 2 cm [14, 15] . Subsolid nodules are more challenging to characterize with the small sample of tissue obtained through image guided biopsy, particularly fine needle aspirates. The purpose of this study is to assess the technical success and diagnostic yield of CT guided transthoracic fine needle aspiration and core needle biopsy of subsolid nodules.
Material and methods
Approval for this retrospective study was obtained from the hospital ethics committee on human studies. The study was HIPAA compliant, and the requirements for patient's informed consent was waived.
Medical record review
A search of the radiology database was performed to identify patients who had undergone CT-guided transthoracic needle biopsy of a subsolid nodule (SSN) for the period from July 2009 through June 2013. Patients who underwent biopsy of either a pure ground glass opacity (GGO) or a part solid nodule were enrolled in this study. During this period 94 biopsies were attempted on subsolid nodules among a total of 1090 percutaneous CT-guided lung biopsies. Of the excluded patients, in 5 tissue samples were not obtained and in 3 there was insufficient follow-up to determine a final diagnosis (Fig. 1) . The characteristics of the patients and the nodules are summarized in Table 1 . Fine needle aspirate was performed in all and core biopsy was done in 21 patients (24%). Surgical resection was performed in 59 (69%) subsolid nodules and allowed correlation with surgical pathology of completely resected specimen.
One investigator (NK) retrospectively reviewed and abstracted data from the electronic medical records, to document if patient needed admission after the procedure if performed on an outpatient, discharge notes; diagnostic and procedure-related imaging; and surgical, pathologic, and other laboratory reports. Abstracted data included patient demographics, smoking history, indication for biopsy, coagulation profile (international normalized ratio, prothrombin time, partial thromboplastin time, platelet count), and current anticoagulation. Two investigators (NK and SM) retrospectively reviewed the imaging studies in the radiology PACS (Impax 4.1, Agfa HealthCare). The size, location and estimated percentage of ground glass component of the nodule (either < or ≥ 50% ground glass), and the presence or absence of emphysema was recorded.
With regard to the lung biopsy, whether fine-needle aspiration or core biopsy was performed, length of the needle path in the lung, histopathologic results of the biopsy specimen, and complications were recorded. Follow-up imaging, post-biopsy surgery and pathologic findings, and final diagnoses were also recorded.
Biopsy procedure
All biopsies were performed by experienced interventional thoracic radiologists and according to a standard protocol as previously described [16] . All procedures were performed under CT guidance using a multidetector scanner (Advantage, GE healthcare). Patients were placed in a prone (preferably), supine, or lateral decubitus position, depending on the location of the lesion, to obtain the most direct route, to avoid crossing bullae or emphysematous lung, and to minimize the number of pleural surfaces crossed by the needle path. Patients were strapped securely in place to minimize movement. Prior to the start of the biopsy, unless contraindicated, patients were given medication for conscious sedation intravenously, using a two-drug combination of fentanyl citrate (Sublimaze, Taylor) and midazolam hydrochloride (Versed, Roche). The medications were administered by interventional radiology nurse under the supervision of interventional thoracic radiologist. A localizing CT scan was performed using initially 5 mm and then 2.5 mm slices to decide on the point of entry. If needed, the CT gantry was angled to avoid vessels, fissures and ribs.
Local anesthesia was achieved with 1% xylocaine without epinephrine subcutaneously. All biopsies were performed with a 19-guage thin-walled coaxial needle (Chiba-Ultrathin, Cook). Prior to crossing the pleura, multiple fine adjustments of the introducer needle were made in the chest wall to ensure the needle trajectory was correct. The pleura was punctured only once during the procedure to minimize the risk of a pneumothorax. Once in the lung the needle was advanced in small increments of 1-2 cm. A CT was performed after every manipulation to confirm needle position. After the introducer needle reached the periphery of the lesion (Fig. 2) , the inner stylet was exchanged for a 22-gauge Chiba needle attached to an empty 10-ml syringe. When feasible the needle was directed towards the solid component, if present. Tissue samples were obtained in quick, short moments while suction was applied with an attached 10-mL syringe. Saline solution was placed in the well of the introducer needle during needle exchanges to provide a water seal and to reduce the risk of potential air embolism. Throughout the procedure, small doses of the sedation medications were given to keep the patient comfortable and to minimize variation in the depth of respiration.
Aspirated specimens were placed on sterile glass slides and were handed to an onsite cytotechnologist who prepared the slides immediately. The attending cytopathologist provided an opinion regarding the adequacy of each cytologic specimen for diagnosis. When needed additional aspirates were obtained from different direction and depth until a satisfactory specimen was procured. Core biopsy samples were obtained if a definite diagnosis of malignancy was not made on rapid pathology and where the nodule location didn't preclude using a 20-gauge spring-loaded core biopsy needle with a 1-or 2-cm needle throw, such as nodule close to hilum and overlying a segmental or larger pulmonary artery and vein. If infection was being considered further aspirates were obtained and sent to microbiology laboratory for staining and culture.
Prior to removal of the biopsy needle, a CT was performed to assess for pneumothorax and hemorrhage. If pneumothorax was present, air was aspirated at the time of removal of the biopsy needle. After removal of the biopsy needle, the patient was immediately rolled to a puncture site down position to minimize the risk of pneumothorax [17] . Chest radiographs were obtained at 1 and 3 h after the procedure to monitor for complications.
Complications were categorized in accordance with the Society of Interventional Radiology clinical practice guidelines [18] . The presence of a pneumothorax at the time of the biopsy as detected on CT scans, or after the biopsy as detected on chest radiographs, and the need for intervention, either aspiration, chest tube placement, or both, was recorded. The presence and degree of hemorrhage on last CT images prior to the removal of the biopsy needle was also recorded.
Statistical analysis
Technical success for all attempts was calculated. Technical success was defined as completion of the biopsy procedure and technical failure as inability to obtain a tissue sample. The causes of technical failure included lack of safe window for needle placement, excessive and unpredictable displacement of the lesion during respiration and the termination of biopsy due to complications before sample could be obtained.
The sensitivity, specificity and diagnostic accuracy were calculated for patients who had surgical correlation or sufficient follow-up data on the basis of clinical and imaging follow-up for at least 2 years. Three patients not undergoing surgery were excluded due to insufficient follow-up to determine the final diagnosis.
The biopsy results were divided into three categories: positive for malignancy, negative for malignancy, and a non-diagnostic. The positive category included both definite malignant or premalignant diagnoses such as atypical adenomatous hyperplasia (AAH). A positive biopsy result was deemed true-positive when there was surgical or clinical confirmation based on nodule evolution. A positive CT biopsy result was deemed false positive, if there was no malignancy in surgically resected specimen or if the lesion resolved without treatment at follow up. A negative or non-diagnostic biopsy result was considered true-negative when a benign neoplasm such as hamartoma or specific infection was diagnosed, or when the lesion resolved or decreased in size at follow-up CT. Finally, if a pathological diagnosis of malignancy was made after a negative or non-diagnostic biopsy, the CT biopsy result was considered false-negative.
Patients were classified into two groups according to lesion size (< 2 cm vs ≥ 2 cm) and GGO component (< 50% vs ≥ 50%).
Comparison of sensitivity, specificity, diagnostic accuracy and non-diagnostic results was performed between the two groups by using Fisher's exact test. A p value < 0.05 was considered statistically significant.
Results
The technical success rate was 94.7% (89/94). In 5 instances of technical failure, a tissue sample was not obtained. The procedure was abandoned prior to crossing the pleura because of no safe window or excessive motion of the nodule in 3 patients, and the procedure was aborted after crossing the pleura because of the development of small pneumothoraces, which made redirecting the needle difficult in two patients.
Of the 89 biopsies in which tissue was obtained, 3 patients were excluded as there was insufficient follow-up period to determine a final diagnosis. Out of a total 86 patients, histological examination of the needle biopsies diagnosed 74 malignancies, including 70 adenocarcinomas, 1 AAH, 2 poorly differentiated carcinomas and 1 metastatic pancreatic cancer; 59 cases of those were confirmed by surgery. 12 nodules returned with a benign or non-diagnostic biopsy result. One lesion was diagnosed as organizing pneumonia, but later determined to be metastatic renal cell carcinoma by clinical and imaging follow-up., 11 biopsies were non-diagnostic. Subsequently, 5 nodules were confirmed to be adenocarcinoma by surgery, 4 nodules resolved or decreased in size on follow-up CT, 1 nodule was stable on CT at 5-year follow-up period, and 1 nodule was diagnosed to be fibrous scar after surgical resection. The association between the TNB result and final diagnosis is outlined in Table 2 . The overall accuracy of TNB for determining malignancy was 93% (74/80). The sensitivity and specificity for malignant lesions was 92 and 100%. The concordance with surgery was 90% (53/59). The positive predictive value for malignancy is 100% (74/74) and the negative predictive value is 50% (6/12) when results for all the patients including those with non-diagnostic tests (86) were included. Fine needle aspiration was done for all of the biopsies (86 nodules) and additional core needle biopsy (CNB) was done in 21 patients. Core biopsy was diagnostic, whereas the FNA was not, in only one patient (4.7%). In this instance, FNA showed scant fibrous tissue, but core biopsy suggested at least AAH. Surgical resection ultimately found the nodule to be adenocarcinoma. A final diagnosis of malignancy was made in 20 of the 21 nodules that had samples obtained by both fine needle aspiration and core needle biopsy. For 7 of these 20 nodules (35%) CNB specimens failed to diagnose malignancy. Interestingly, FNA correctly diagnosed malignancy in 4 of the 7 nodules not diagnosed by CNB. FNA failed to correctly identify malignancy in 3 (15%) of these nodules and the diagnosis was established only after surgical resection.
The sensitivity, specificity, and diagnostic accuracy for nodules ≥ 2 cm were 95.6%, 100%; and 95.8% (n = 48), which were not statistically different from nodules < 2 cm (n = 38; 88.6%, 100%, 89.5%, respectively) (p > 0.05) ( Table 3) . Six nondiagnostic samples occurred in nodules < 2 cm and five in nodules ≥ 2 cm and was not statistically significant (P = 0.526). The sensitivity, specificity, and diagnosis accuracy for nodules with ≥ 50% GGO component were 95%, 100% and 95.3%, respectively (n = 64), which were not statistically different from those for nodules with < 50% GGO component (n = 22; 85%, 100%, 86.4%, respectively) (p > 0.05) ( Table 4) . Seven nondiagnostic samples occurred in nodules with GGO ≥ 50% and four in nodules with GGO < 50% (p = 0.461).
Of the 94 patients with subsolid nodules, 3 patients for whom the procedure was aborted prior to crossing the pleura because of no safe window or excess motion were excluded from the calculation of complication. Out of a total 91 procedures, focal alveolar hemorrhage surrounding the lesion occurred in 48 (53%) patients on post-procedural CT. However, only 7 (8%) patients had mild hemoptysis and were managed conservatively by observation. Pneumothorax was seen in 19 (21%) patients on post-procedural CT; of these, 15 (79%) were aspirated at the time of removal of the biopsy needle and no patient required a chest tube insertion.
Discussion
Our study demonstrates that CT guided FNA of subsolid nodules can be performed with a high rate of technical success and accuracy, even for nodules < 2 cm in size or those with < 50% GGO. The performance of an additional core biopsy has no significant benefit for most patients.
Ground glass nodules are a common finding on imaging, particularly in lung cancer screening CT [2] . Kim et al found that 75% of persistent GGO are attributable to adenocarcinoma in situ (adenocarcinoma consisting solely of lepidic pattern; bronchioalveolar carcinoma, BAC) or adenocarcinoma with predominant lepidic component [3] . Kobayashi et al. found that only approximately 20% of pure GGOs and 40% of part solid nodules gradually grew or increased their solid component, whereas others remained unchanged for years [11] . The size and histologic classification influences treatment and may determine whether sublobar resection or lobectomy is performed [19] .
Not all persistent subsolid nodules are malignant. In our study 7% of nodules were attributable to benign causes on subsequent clinical follow up and surgery and there were no false positives for diagnosis of malignancy. Our incidence of benign lesions is less than the 9-39% rate reported in literature based on CT-guided biopsy of ground glass nodules [4] . This low incidence could be partly explained by our process of careful case selection based on image morphology and in many cases persistence or growth of nodules over multiple imaging time points. This selection process could have eliminated biopsy of many transient inflammatory ground glass nodules or stable and extremely indolent neoplastic nodules. Despite our careful selection process, 7% of the nodules were attributable to benign processes and indicates that routine surgical resection may not be ideal, in terms of cost and potential complications. It is also worth noting though in our study we had 100% positive predictive value to determine malignancy, the negative predictive value was only 50% when non-diagnostic samples were included and should be taken in to consideration when determining the management.
CT-guided transthoracic needle biopsy (TNB) has been shown to be a safe and accurate method for establishing the diagnosis of pulmonary lesions. Prior studies have calculated the accuracy of CT-guided biopsy of GGO lesions to range from 51%-97% [14, 15, [20] [21] [22] [23] [24] [25] [26] . The accuracy of fine needle aspirates was much lower than core biopsy biopsies. In our study, the FNA results had similar accuracy to core biopsy studies, with an accuracy was 93%. It is well documented that core biopsy results in higher complications compared to fine needle aspirate. Heerink et al in their meta-analysis showed significant increase in complication rates for core biopsy compared to fine needle aspirate [27] . In our study core biopsies were obtained in less than a quarter of the cases and improved accuracy in only one case. Our findings support that core biopsy is not always required and carefully performed FNA with onsite pathology can yield accurate results. We also found improved diagnostic yield in FNA group compared to core biopsy. In our study FNA correctly diagnosed malignancy in 4 of the 7 cases where CNB was non-diagnostic. Our improved results can perhaps be partly explained by the availability of rapid on-site cytopathology evaluation by pathologists who can rapidly interpret the specimens. Our findings differ from Aviram et al, who compared sequential FNA and core needle biopsy to either technique alone, and found that sequential procedures significantly improved the diagnostic accuracy of malignancy compared to either technique alone [22] . In our study there was a single case where the fine needle aspirate showed scant fibrous tissue, but the core biopsy suggested at least AHH, and adenocarcinoma was found at surgical resection. It is not uncommon for AAH and adenocarcinoma to co-exist, and was also reported by Inoue et al who reported on 8 patients with a TNB diagnosis of AAH before adenocarcinomas was found on pathological examination of the resected surgical specimen [26] .
For patients undergoing surgical resection, the preoperative diagnosis of malignancy by TNB facilitates anatomic resection, such as segmentectomy and lobectomy, without the need for intraoperative frozen section analysis. Frozen sections of lung nodules can be difficult to interpret, as reactive proliferative epithelial changes in inflamed lung tissue can closely simulate a malignancy. A study assessing the accuracy of frozen section diagnoses of small pulmonary nodules found that the sensitivities for the diagnosis of neoplasia were 86.9% and 94.1% for nodules smaller than 1.1 cm in diameter and measuring 1.1-1.5 cm, respectively [28] . The preoperative identification of favorable histology also allows the surgeon to plan and perform sublobar resection, wedge or segmentectomy, with the associated advantages of preservation of This was later diagnosed to be metastatic renal cell carcinoma. pulmonary function, improved perioperative morbidity and mortality, and increased potential for a second resection with a subsequent primary tumor [29] . Treatment options for early lung cancer also include non-surgical options such as radiotherapy, radiofrequency ablation, microwave ablation and cryoablation therapy. In patients where a treatment option other than surgery is chosen, it is important that the diagnosis of lung cancer is confirmed, when feasible, prior to determine treatment. A recent study found that resected GG nodules which were negative for EGFR, KRAS, ALK, or HER2 mutations were associated with a lack of growth [30] . Early genetic diagnosis of GG nodules, therefore, could predict growth potential and play a role in clinical decision making, including prolonged interval between CT scans for mutant-negative tumors and more stringent follow-up or treatment of mutation-positive GG nodules. It has also been suggested that mutations in KRAS may enhance cellular resistance to radiation [31] , which if known may affect the treatment offered. Either CT-guided or transbronchial biopsy could be used to assess mutation status. Though in our study we have not tested for mutations, studies have shown such testing is possible on both fine needle aspirate and core biopsy specimens [32] .
Our low-rate of biopsy-related complications, including mild hemoptysis in 7 patients and no patient requiring a chest tube for pneumothorax, confirms that CT-guided TNB of subsolid lesions is a safe, minimally invasive procedure with an acceptable complication rate, that is similar to those published for TNB of solid pulmonary nodules and less than in high risk groups [33, 34] .
This study has several limitations. The retrospective nature of the study may have introduced a selection bias. Secondly, our results are based on the experience at a single academic medical center and may not be widely applicable to centers which are not as experienced in CTguided transthoracic needle biopsy, or where on-site cytopathology is not available. Lastly, although we followed up patients for two years after the biopsy, malignant pure ground glass nodules are very slow growing with mean doubling time of adenocarcinomas demonstrating pure ground glass reported to be greater than 800 days [3, 7, 35] . Therefore, 2 years follow-up period of this study may not be sufficient to determine whether lesions which were diagnosed as benign on biopsy and were stable in size on follow-up imaging were malignant or benign. Due to negative predictive value of 50%, imaging follow up should be considered when determining the management.
In conclusion, the results of this study suggest that CT-guided fine needle aspirate biopsy with or without CNB of pulmonary subsolid nodules can yield high sensitivity and specificity with acceptable complication rates.
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